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ABSTRACT

Studies of Dual and Tandem Rigid Wheel Performance in Sand
by
Gary D. Swanson
Advisor
1. Robert Ehrlich

January 1971

Tests were conducted with five pair of wheels, three of which
were geometrically similar. Four loads and three spacings were tested
for each wheel pair. A dimensional analysis approach was utilized to
develop general functionai relationships for sinkage and motion
resistance (tow force). Test data was analyzed and specific equations
were developed for predicticn of sinkage and resistance to motion for
wheels in dual and iandem configuration. The resulting equations
were compared with equations developed or discussed by Bekker. Single
wheel tests were conducted and comparisons made between single wheel

perfornance and dual or tandem wheel performance.

KEYWORDS

Dual Wheels
tand Locomotion
Off-Road Mobility
Soil-Vehicle Relationships

Tandem Wheels
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I. [INTRODUCTION
A. Objective

Researchers involved with military, agricultural, construction
and other off-road equipment have sought to increase the vehicle
payload without substantial increases in motion resistance or
sinkage. Designers of aircraft landing gear have also sougnt to
find better methods of supporting larger aircraft on soil runways.
A solution frequently employed is the utlization of many whesis
mounted in dual tandem or duai-tandem configurations. The objective
of this study was to determine the effects of spacing on the per-
formance of towed rigid wheels mounted in dual and tandem configura-
tion. This study is therefore applicable to aircraft landing gear,
towed agricultural equipment, trailers, and unpowered wheels of self-
propelled vehicles only.

Within this objective, it became appropriate also to study
single wheels in order to simulate infinite spacing, to yield a
comparison of single wheel performance, and to compare the results
obtained here with those of other researchers.

B. Approach

The method chosen to study the effects of spacing on the
performance of towed rigid wheels mounted in dual or tandem configura-
tion was a dimensional analysis approach.’ This approach was utilized
to develop general functional relationships hetween significant
parameters in this study (see Section |1} - RATIONALE). The general

functional relationships were of the form:
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Experimental tests were tizn utilized to determine the values of K,

Xpr Xy and X3 for each general functional relationship. (See

s

Section V - TEST PROCEDURES and Section VIl - ANALYSIS OF RESULTS.)
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11. BACKGROUND

Rouch and LHjedahl2 tested driven L.,00 x 8 tires in an artificial
soil. Values of slip from zero to 20 percent were tested at dual
spacings up to four inches. They showed that, at ciose spacings, the
wheel sinkage and motion resistance of dual wheels decreased because
each wheel had a supporting effect on the other.

Roma and McGowan as referenced by Freitag,3 utilizing a Lxk
vehicle with 6.00x16 tires in sand, showed that, if a given load must
be carried by tires of a given size, two tires are better than one;
however they are not twice as gqood. This means that two tires opera-
ting side-by-side interact so that the individual performance of each
tire is less than if it were onerating independently.

Melzer and Knighth showed that at 20 percent slip two wheels in
a close-spaced dual-wheel configuration performed proportionately
better than a single wheel with the same characteristics as each wheel
of the dual-vwheel configuration. Their tests were ~onducted in Yuma
sand with 9.00-14 tires. Their results were similar to those reported
by Rouch and Liljedahl.2

5-10 relating to tandem wheels revealed that they

Other studies,
were corducted by driving or towing a wheel with a dynamometer and
then driving or towing the same wheel again in the rut left by the
Tirst pass. The effect, therefore, was of infinite tandem spacing.

The studies reported in the previous paragraphs were concerned

with performance of powered dual and tandem wheels. Performance

was defined in terms of the tractive coefficient, power efficiency,

e ey
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pull coefficient, and overall efficiency. These studies also utiljzed
the same load for the single wheel configuration and the dual or
tandem configuration. This study was concerned with the performance
of towed dual and tandem wheels. The loads utilized for the single

wheel configuration were half those utilized for the dual or tandem

configuration.
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til. RATIONALE
A. General
A dimensional enalysis approach utilizing the Buckingham Pi
Theorem] was used to develop general functional relationships between
significant parameters in this study. The soil parameters utilized,

kc R k¢ and n were those used by Bekkerl] in his pressure sinkage

equation:
K en
p = (k¢-+-1;)z (2)
where
2

P = pressure (pounds/inch®)

k¢ = frictional soil value (pounds/inchn+2)

k. = cohesive soil value (pounds/lnchn+l)

b = wheel width (inches)

z = sinkage (inches)

n = sinkage exponent (dimensionless)

In the conduct of a test there are certain primary and certain
secondary parameters. The primary parameters are those established
by the test setup; the secondary ones are those resulting from the
test. In the tests conducted here, the secondary parameters studied
were wheel motion resistance and wheel sinkage; wheel skid, also a
secondary parameter was measured, but not analyzed. All other speci-
fied parameters will be considered primary. Thus the analysis might

properly be grouped into four categories:
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Motion resistance of dual wheels,

Motion resistance of tandem wheels,

Sinkage of dual wheels, and

Sinkage of tandem wheels,

it might be noted here that the failure to control skid rate (as

B. Motion Resistance of Dual Wheels

1. Significant Parameters

Parameter

Motion resistance
Wheel diameter
Wheel width

Load

Dual vheel spacing
(between adjacent

faces)

Frictional soil
sinkage modulus

Cohesive soil
s inkage modulus

Soil sinkage
exponent

is necessary in towed wheels) destroyed some of the geometric simi-

larity of the experiments, thus generating modeling distortion.

Symbol Dimensions Basic Quantity
R pounds F
D inches L
b inches L
W pounds F
s inches L
k¢ pounds/inchn+2 FL™ 2
K nt+i -n-1
. pounds/inch FL
n - -

2. Deveilopment of the Functional Relationship

Thus, the wheel resistance to motion may be expressed as:

R = f(D,b,H,s,kﬁfkc,n)

(3)
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Assumlng that this function is in the form of a product

of these variables:

[+ C, [+ C c C C
t .2, 3.4 s "6 "T_
CR Db W' s k(p ko =1 (%)

Since n 1is dimensionless it may be assigned a separate
1 term or may be in one or more of the exponents of Equation (I).

Equation (4) may now be expressed dimensionally as:

C C, C C C < C
FUL2 3% L2y 6pmm1y T 2 g0 (5)

Solving Equation (5) for the various basic quantities:
Force: C, + C, + Co + 67 =0 (6)
Length: C, + C5 + cS -(n+2)Cc -(ml)c7 =0 (7)

Determining the number of w terms:

N=u-a (8)
where: N = nunber of w terms
u = number of parameters
a = number of basic equations

N=T-2=5 (9)

The exponents C2 and Ch may be determined in terms of

CI, 63, cs, C6 and C7. To determine that the exponents are independent,
the determinant of the coefficients of C2 and Ch must be formed and

shown to be non-zero. Thus:
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Since the value of this determinant is non-zero, the developed =
terms based on 02 and Ch will be independent.
The following procedure will be utilized to generate the five

1 terms. Each of the exponents C‘, 53, CS, C6 and C7 in turn will

assume a value of one while the others assume a value of zero. These

values will be substituted into Equations (6) and (7). Simultaneous

solution of the two resulting equations will generate one 7 term.
C‘ =1;C,=¢C

3=Cg=Cg=10;=0

(6) 1+C, =05 ¢ = -1

(1) ;=0 S o= R/ (10)
C3=15C‘=CS=C6=C7=0

(6) ¢, =0

(7 €+ 1=0; C = -1 r2=b/D (1)
Co=13 € =C3=C=C =6

(6) ¢, =0

(7 C,+1=0;¢C =-1 n3=s/D {12)
Cg=1:C=Cy=C=C=0

[J

% Bn+2

(7 ¢, -(nm2) = 0; C,o=m2 .o =_2\7_ (13)
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Cr=1C =C3=¢C=C=0

(6) &+ 1 =050, =]

K Dn+l
(1) Gy ~(m1) =05 C=mi 0 mg = cw (14}

it was desired to utilize the wheel width rather than the wheel

diameter in tie Tﬁ and 11_ terms.

s Therefore, let:
a2 kgo"*a L2 kcpbmz
L A e S (15)
. ko™V  aep k™
= or - MI - [ 4 e b [ (]6)
T5=%% T =77 A

The resulting functional relationship is:

"l = f(na’ n3) T "q) (]7)
Substituting:
m2 n+1
k b kb
R _ s @ [o4 {
% f(%: B ) 4 V] ) N ‘8)

The cohesive soil value, kC , for sand was determined to be zero

K bn+l
(see par. IV, A,1). Therefore, the tenn-f%r- may be eliminated

from the functional velaticnship. The revised function relationship

for the motion resistance of dual wheels is therefore:

K n+2\
S TCRE R A (19)
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C. Motion Resistance of Tandem Wheels
The functional relationship which was developed previously
for the motion resistance of dual wheels may also be applied to tandem
wheels. This statement Is true because of the fact that the whezel
separation term for dual wheels, s , has the same basic dimension as
the wheel separation term for tandem wheels (f).

Hence, the functional relationship for the moticn resistance of

tandem wheels may be written as:

L B2
LR f(g., £ _Lw_) . (20)

D. Sinkage of Dual and Tandem Wheels

The development of the sinkage functional relationships is
almost identical to that of the motlon resistance relationships. The
major differences are the substitution of wheel sinkage, z , for motion

resistance as the secondary parameter.

8y a similar analysis, all nterms are Identical, with the

exception of ?ﬁ' Here

™ =-§ (21)

and the functional relationship for the sinkage of dual wheels becomes

z b s X ™
5=f(,b': '3-;,——) (22)

Likewise, the functional relationship for the sinkage of tandem

wheels is
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k bn+2
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z
D
Since the two wheels of a tandem configuration may sink at different

depths, the sinkage of the front wheels was designated Zp ; that of
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% 1V, TEST FACILITY AND EQUIPMENT
& )
‘9 A, Test Facilityv

& l. Soil Bin

13

,

The tests were conducted in fine grain sand contained in a

bin 37 feet long, 3 feet wide, and filled to a depth of 2L inches.

'0?m&ﬂ.ﬁh&&mmww;ﬁmm&mﬂmmmxw\\&;ﬁ:%m%mmm»WN =

X The measured sand angle of internal friction was 310; its coefficient

z -

% . of conesion was zero; and its moisture content varied between 0.5% and ]
fl - 1.0%. The soil sinkage parameters for the sand, as determined by a 2
F - series of Bevameter tests were: kq): L,7; k.= 0; n=1.15 g
:5 i 2. Tiller \ g
5? ' The sand was tilled by means of a gyrotiller after each g
;; lw test to a depth of 17 to 18 inches, (see Figure 1). The sand was

a

.

o, »,

’
~

e S TR B AR R R SRR R i i e

FIGURE 1. GYROTILLER
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tilled sufficiently prior to the tests to obtain a uniform air-dry
conditione To assure uniformity between tests, penetration readings
(standard 1/2" - 30° cone penetrometer‘a) and shear strength readings
(Cohron-Sheargraph‘3) were taken at three locations along the soil tank
in the path of the wheels.
B. Equipment
1. Wheels
Five pairs of wheels were constructed for use in this study.
Three of these (Pairs la, Ib, and Ic) were constructed with a width-to-
diameter ratio of approximately 0.26 in order to form a geometrically
similar set (see Figure 2). The other two (pairs I! and I111) were
of the same diameter as pair Ib and had width-to~-diameter ratios of
0.297 and 0.225. They were formed by adding or removing sheets of
plywood from the wheels of that pair. The widths, diameters and width-

to~-diameter ratios for each pair tested are shown in Table j.

FIGURE 2, GEOMETRICALLY SIMILAR WHEELS
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Tabie |

Wheel Dimensions

Wheel Pair No. Diameter (D) Width (b)

Width/Diameter (b/D)

(in) (in)
I .75 3.88 0.263
1, 20.875 5.1 0.259
te 27.0 6.98 0.259
1 20.875 k.70 0.225
T 20.875 6.20 0.297

2. Test Apparatus
a. Sub-frame

(1) Dua! Configuration

in dual configuration the wheels were mounted on a

one and one-quarter-inch steel axle.

bearing holder which was bolted to the sub-frame.

The ax'e was supported by a

The wheels were

prevented fror slipping on the axle by two set screws which were

mounted on the flange plate. Figure 3 shows the apparatus as utilized

in the dual configuration.
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FIGURE 3. TEST APPARATUS IN DUAL CONFIGURATION

s

(2) Tandem Configuration

In the tandem configuration the wheels were mounted

fhierd

on stub axles which were in turn mounted on a long steel mounting

e ]

plate. The center of the plate was bolted to another stub axle which

was bolted to the sub~-frame. Figure 4 shows the apparatus as utilized

o

in the tandem configuration.

(3) Single Wheel Configuration

avareoan
v

In the single wheel configuration the wheel was

A
Sennsm e

mounted on a stub axle which was bolted to the sub-frame. Figure 5

shows the apparatus as utilized in the single wheel configuration.

i - b. Main-frame

% ! The sub-frame was attached to a wheel dynamometer main-
: frame which included a parallelogram type force transducer (see
Section C, Instrumentation). The main frame was fastened to two

e

linear bearings permmitting a near-frictionless vertical movement of

gty

g
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TEST APPARATUS IN SINGLE
WHEEL CONFIGURATION

NOT REPRODUCIBLF

TEST APPARATUS IN TANDEM CONFIGURATION
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the whole assembly., The main-frame may be seen in Figures 3, 4 and S.
c. Counterbalance
A couni<rbalance (Figure 6) was constructed to permit
operation of the wheels at loads below the total weight of the main-

frame, sub-frame, wheels and other auxilliary equipment.

FIGURE 6. COUNTERBALANCE *
C. Instrumentation

1. Velocity
a. Carriage Velocity
The velocity of the carriage was measured utilizing a
series of event markers spaced at one and one-half foot intervals

aleng the test bin. As the carriage was driven down the test bin a
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microswitch was closed by each of the event markers. When the micro-
switch was closed, it briefly shorted out the channel of the recorder
on which the sinkage of the wheels was recorded causing a large de-
flection of the pen. Calculation of the carriage velocity is shown

in Appendix I. Figure T shows the microswitch and several of the

event markers.

FIGURE T. MICROSWITCH AND EVENF MARKERS USED
TO MEASURE CARRIAGE VELOCITY

b. Wheel Velocity
The velocity of the wheeis was measured utlizing a
microswitch triggered by the four bolts with which the wheel was held
to the flange plate. |[In the tandem configuration two microswitches
were utilized so that the velocity of each wheel could be measured
independently. A one and one-half volt battery was wired into the

circuit to give a voltage pulse when the microswitch was closed. The
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signal from this microswitch was fed into a DC amplifier in the re-
corder. Calculation of the wheel velocity is shown in Appendix !.
Figure 8 shows the microswitch and the mounting apparatus as utilized

in the dual configuration.

I8 '.C...'

“

FIGURE 8. MICROSWITCH USED TO MEASURE WHEEL VELOCITY
2. Wheel Sinkage Measurement

a. Dual Wheels and Single Wheel
The sinkage of the duzl and single wheels was measured
by means of a chain~-driven multiple turn potentiometer (Figure 9).
The potentiometer was mounted on the rigid part of the carriage while
the chain was fastened to the main-frame of the test apparatus. As

the wheels sank into the sand, the potentiometer was turned as the

19
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FIGURE 9. SINKAGE MEASUREMENT DEVICE
chain moved downward.
b. Tandes Wheels

in the tandem configuration the same potentiometer
measured the vertical motion of the center of the mounting plate. A
second multiple turn potentiometer was utilized to determine the
difference in sinkage between the front and rear wheels. This second
potentiometer was operated by a string which was attached tc the end
of the mounting piste. By determining the distance that the plate
moved from a level position, it was possible to determine the front
and rear wheel sinkage. Samole calculations of wheel sinkage are

shown in Appendix Il. Fiaure 10 shows this second potentiometer and
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2 e b iy mZh s esas s

the string by which it was turned.
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FIGURE 10. TANDEM WHEE 5INKAGE MEASUREMENT DEVICE
3. Motion Resistance Measurement

It was determined that frictional losses in the System
were negligible. Therefore, the force measured at the dynamometer
was considered to be the motion resistance. |t was measured by means
of a Linear Differential Transformer (LVDT) type transducer. The
transducer was mounted in an aluminum frame as shown in Figure 11.

k. Recording Data
A four-channel Sanborn recorder was utilized to record

the data taken for each test. Only three channels were utilized to

record motion resistance, whee} velocity, sinkage and carriage velocity

Ris0 o wptimessidniesw nois P SIS e S LD
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FIGURE 11. SOIL BIN DYNAMOMETER

since carriage velocity was recorded by means of an interruption in

the sinkage trace. Figuie 12 shows a copy of the recorded data for one

test run.

RS NA SR N A LA AR A Y B A TR SN € Rl

5. Calibration

a. General

O T

All potentiometers were calibrated prior to testing

1o

each different set cf wheels, {f tests for a set of wheels extended

to a second day, calibration checks were made prior to the second
day's tests.

b. Sinkage

€SS R SRR L it 5

(1) Dual Wheels and Single Wheel
The chain-driven multiple turn potentiometer was
calibrated by establishing the "zero" sinkage level (that level at

which the bottom of the wheel touched the top surface of the soil)

,

and then physically lowering tke wheel into a hole in the sand. The

-~
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E recording was marked each time the wheel was lowered an inch (as
?

Fvamreg Snruty
13 $ [ €

measured by a ruler) and a calibration curve was generated in this

manners
(2) Tandem Wheels

In addition to the steps in the preceding paragraph,
it was required that the second multiple turn potentiometer be cali-
brated. This potentiometer was calibrated by first leveling the
mounting plate (see Figure L), thus =stab!ishing a zero point. The
recording was marked each time the plate was moved up or down one-half
inch,

c. Motion Resistance

Since it was determined that loadings on the sub-frame
gave the same readings as loadings at the bottcm of the wheel, the
5
motion resistance dyrnamometer was calibrated by loading known weights

on a weight pan which was attached to the sub-frame over a pulley by

a rope,
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V. TEST PROCEDURES

ey |

Prior to each day of testing a calibration check was made of all

instrumentation. If this was a new confliguration, it was calibrated

PN
Py

completely. The soil was tilled prior to each test, and penetration,

and shear strength readings were taken at the beginning of each day.

Fend

The wheels were loaded by means of dead weights placed on the load pan

Bk

or on the counterbalance system. All tests were run at a constant

carriage speed of approximately 0.16T feet/second.

]

For dual wheel tests, the wheels were placed at a given spacing.

Since both the sinkage and the motion resistance stabilized quite

rapidly, it was found that we could add weights during the test so

that two loads would be tested during each run. Three tests were

[ o |
&>

made for each condition to be studied. Four loads and three spacings

g.mwl

were used for each wheel size tested.

The tandem wheel tests were conducted in generally the same

e |
TRt

manner as the dual wheel tesis. However, an additional preliminary

St

step was necessary to allow for measurement of individual sinkages of

the front and rear wheels. This additional step was to insure that,

TYEIEE D -
‘mﬁ.:’

prior to each test, the pen measuring output of the string-driven

multiple turn potentiometer was set o the midpoint when the mounting

[ Ty
[ o]

plate was level. The plate was leveled utilizing a carpenter:< level.

“n
§§ The test procedures for the single wheel tests were somewhat
- different from those for the dual and tandem wheels. Two loadings
i

could be tested in each test run but the soil was not processed after

o
¥

each run. The wheel was blocked above the sand level as the carriage
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was returned to the starting position. A second pass was then made
in the rut formed by the wheel in the first pass. The soil was tilled
after every other run. Single wheel tests were conducted only with
pairs la, Ib and Ic and were conduct.d with loadings one-half of that
for th: dual and tandem configurations.

Tables 11, 111 and IV show a sumary of the test configurations

of all tests which were conducted.

§

T T B T N e T B R e S T TR D S s e A

LR UTSY IRy

wh cwatreN e

AN A AR A s TS e St et DY S W U s R £ ANt € i e

R PYCURY PP YIS UR E IR (SR VS ¥] PRMIFE T TR E PV L O R N ALY L R S et




< et Ko
e st a it A WA SN

e e
FRT: A HALI

Lot ook e

pEE s it o u it i s e st

[
MY P R LS P
as, .

S
TRV e R SRS

it

A vt e L VP 2B
fmw:

Bt B »e —
Srewr )

SR At ey, 2T
Sk

HEEa

(s S Conalt

R-1536

Table |1

Summary of Dual Wheel Tests

Tect No. Wheel Pair Load (W) Wheel Separation (s)
(1b) (in.)
i-3 I 150
5
7-9 la 150 3.8
10-12 I 220
1
13-15 s 220 2 §
16-18 I 229 3.8
19-21 la 300
1
22-2l la 300 2 g
25-27 la 300 3.8
§§-3o I 350 1.5
3;-32 s 350 2.5
-3 i, 350 3.8
37-39 i
b 150 2.62
ﬁo-:g Iy 150 3.565
3-45 Iy 150 5.k
26-48 Ip 220 2.625
9-51 Iy 220 3.56
52-51 Iy 220 5.4)
85-57 Iy 300
2.62
56-60 Iy 300 5.56
23:26 Ip 350 2.625
67-69 I 350 3.56
‘72 'b 350 5.1”
73-75 le 150
2.
76-78 I 150 b 58
79-81 o 150 7.00
82-84 e 220 2.75
33-87 e 220 k.56
-90 Ie 220 7.00
91-93 le 300
2.
94-96 Ic 300 h.;g
97-99 ¢ 300 7.00
100-102 l 350
103-105 le 350 §°;2
106-108 e 350 7.00
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Test No

109-111
Ha-114
1:5-117

118-120
121-123
124-126

127-129
130-132
133-135

136-138
139-141
142144

145147
148-150
151-153

154~156
157-159
160-162

163-165
166-168
169-171

172-174
175-177
178-180

TR Y e T v € 5 SR T GV R AR T3 T L ey T A T
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Table 11 (continued)

Wheel Pair

i
R ]
Hi

Load (W)
(1b)

150
150
150

220
220
220

300
300
300

350
350
350

150
150
150

220
220
220

300
300
300

350
350
350

wheel Separation (s)
(in.)

2.625
3.56
5.4

2.625
3.56
5.41

2.625
3.56
5.41

2.625
3.56
5.41

2.625
3.56
5.41

2.625
3.56
5.41

2.625
3056
5.41

2.625
3.56
5.4
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Table {11

Summary of Tandem Wheel Tests

A - '

-f Test No Wheel Pair Load (W) Wheel Separation (g)
(1b) (in.)
3 181-183 la 150 16.125
: p o 184-186 fa 150 21.80
28 187-189 Ia 150 29.50
| 190-192 la 220 16.125
E b 193-195 la 220 21.80
e 196-198 I3 220 29.50
3 ! 199-201 I, 306 16.125
B 202-204 I3 300 21.80
E | 205-207 I 300 29.50
E § _l 208-210 la 350 16.125
211-213 la 350 21.80
‘ ﬁ 214-216 s 355 29.50
AW 217-219 Iy 150 21.80
EE 220-222 Iy 150 29.50
3 iﬁ 223-225 Iy 150 41.75
v 226-228 b 220 21.89
2 . 229-23] Ib 220 29.50
b 232-234 I 220 b4i.75
i 235-237 Iy 300 21.80
E b . 238-240 Iy 300 29.50
L 2l1-243 g 300 41.75
E | 2lihy-26 I 350 21.80
AW 247-249 Iy 350 29.50
9 I 250-252 'y 350 41.75
; 253-255 e 150 29.50
] 256-258 le 150 41.75
E 259-261 e 150 54.0
e 262-264 le 220 29.50
> 265-267 e 220 k.75
. 268-270 lc 220 54,0
- 271-273 Ic 300 29.50
e L 27h4-276 lc 300 k.75
2 277-279 Ie 300 54.0
E 280-282 le 350 29.50
¢ 283-285 lc 350 41.75
286-288 le 350 54.0
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Table {11 (continued)

i, Test Ne. Wheel Pair Load (W) Wheel Separation (4)

(1b) (in.)

289-29} " 150 21.89

292-294 1 150 29.50

295-297 i 150 41,75

298-300 T 220 21.80

301-303 ] 220 29.50

304-306 i 220 41,75

307-309 T 300 21.80

310-312 It 300 29.50

313-315 T 300 41,75

{ 316-318 1" 350 21.80
319-32] H 350 29.50

) 322-324 1] 350 41,75
325-327 i 150 21.80

328-330 i 150 29.50

[ 331-333 11 150 4y.75
- 334-336 11 220 21.80
- 337-339 i 220 29,50
340-342 i 220 4,75

B 343-345 11 300 21.80
346-348 i 300 29.50

345-351 17 300 41,75

352-354 i 350 21.80

355-357 11 350 29.50

358-360 i 350 ki.75
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TABLE v

Summary of Single Wheel Tests

Wheel Pair
(one wheel only)

Load
(1b

3

Pass No.

361-362
363-364
365-366
367-368
369-370
371-372
373-37h
375-37€
377-378
379-380
381-382
383-384
385-386
387-388
389-390
391-392
393-394%
395-396
397-398
399-L00
Lbot.hoe
403-Lok
Los-Los
Lo7-408

5
75

110
1o

150
150

175
175

75
75

110
110
150
150

175
175

75
75

t10
ilo

150
t50

175

175

po]

n
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Vi. RESULTS
The results were tabulated and will be found in Appendix 1V.

The linear average of the three test values were used in computing

the w terms presented.

—
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Vil. ANALYSIS OF RESULTS
A. General
Each of the general functional relationships previously de-
veloped contained an unknown equation constant and unknown exponents
for each m term. The results of the \2sts were evaluated to deter-
mine these unknown quantities for each rejationship. Only the duzl
and tandem wheel motion resistarice relationships will be discussed in
detail. The dual and tandem wheel sinkage relationships will only be
outlined as they were determined in much the same manner.
B. Motion Resistance of Dual Whzels
.o (r/W) and g (s/D} Relationship
The tests were designed to be conducted with five sets

of wheels, three of which had an aspect ratio (b/D) of G.26. The
aspect ratios of the other sets of wheels were 0.225 and 0.297 (see
Tabie 1). A plot was made of log m vs. fog my for various aspect
ratfios and weights (Figure 13). A close examination of the plots in
Figure 13 reveal that, in the case of wheel pairs ic, Ii{ and the
lighter loads of wheel pair Ib, a line connecting the data points
would be concave downward. On the other hand, the data from pair I1,
and the lightest load of pair la are concave upwards. Other configura-
tions appear to lie in an almost horizontal straight line. Further
examination of the plots of the other configurations tested (Figures
19, 23, 27 and 31) reveal a horizontal straight Iine will yield the
best overall fit to the data. Thus, though there may be a somewhat

more complex relationship, for the rest of this study it was assumed

33
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35

that the data could hest be represented by a horizontal straight line.
Thus the 'S ratio did not vary with wheel spacing, or it varied so
little, within the range tested, that its cffect was within the data
scatter. For this reason the exponent of the 3 term could be set
to zerc and removed from the functional relationship of Equation (19).
The plots in Figure 13 do not overlie because, for the various weights
tested, the ™,-terms have different values. To collapse these curves
we must therefore examine the relationships between m and T,

2. m (R/W) and m, (kan+2/V)

In order to generate a relationship between n; and T,

we took the intersection of the horizontal fitting tine of Figure 13
with the ﬂl axis to be the representative ™ value for the wheel
pair and load under consideration. This representative value was then
called ?h. A plot was ther made of log ;5 vs. log m, for each set
of wheels, (Table V and Figure 14). In Figure 14, since all nterms
for wheel pairs la, Ib and Ic are equai, the three lines should
overlap. This they clearly do not do, thus indicating model distortion
either to the effects of dissimilar slip or to other reasons.

From the measured slope of these lines and each linefs intercept

at log 1, the following relationships were generated:

Wheel Pair la; ﬁl = 0.66 ﬂh-0.9 (2%)

Wheel Pair Ib; T = 0.81 n, 02 (25)

Wheel Pair Ic; 'r'rl = 0.91 m‘°'9 {26)

Wheel Pair 11; ?ﬁ = 0.5% nh-0.9 (27)
- -Oa

Wheel Pair Ili; Ty = 1.01 5, "0 (28)
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To continue the solution of this problem the relationships for
the three wheel pairs with the same aspect ratio must be collapsed.
This was accomplished by plotting the coefficients of Equations (24),
(25) and (26) (called ca) vs. the wheel width (see Figure 15). From

Figure 15, the'fOIIOW!ng relationship was generated:

Ca = 0.32 bO.Sh (29)

When equations (24) to (26) are divided by this relationship they

collapse to the relationship:

ﬁl (1ntercept) 1h'°'9

M= s ]
1 cd 0.32 b0° 54

"'009

(30)

Note that the new relatinnship was designated TG. Now, since
Equations (24) to (26) were 4°.ided by 0.32 bo'sh, Equations (27) and
(28) must also be divided likewise:

- "009 -009
ﬂ' } -___l _ 0051" Th . 005!“'\'1‘ = 0.73 ﬂh-009 (31)
1S 02 b 0,2(h7)0 "
- "0.9 1 -Oo
ﬂl =__l_= 1.01 m . ] 1.0! Th 2 _ 1.18 -0.9 (y)
I cy 0.2 9% 0,3(6.2)0 2% i

Equations (30) to (32) are plotted in Figure 16,
3. rq (R/W) and ™ (b/D) Relationship
To complete the functional relationship, a plot was next
made of log n; vs. log m, at a constant value of T, equal to one

(Figure 1T). From Figure 1T the following relationship was deter-

mined:
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' 1.7
™ = 9.75 (33)
L, Complete Functional Relationship
Since two relationships were known for n; ,» they could

be combined by the technique presented by Murphy.l (See Appendix t11).

, F(T g)F(, %) (1 5700 9.75 o7
m = F(m,m,) = TCw i1 ]
11; = 9.75 TYEI.T "h-o.g (34)

but, from Equation (30)

mo=c,m (30)
Therefore:
7 = 0.3 b0 (9.75 5"7 m, %)
Fy = 3.1 bo.shfbl.'r m, 0" (35)

5. Modification of Functionzl Relationship
It was noted that the constant and exponents of Equation
(35) were decimal fractions. These numbers are probably subject to
experimental error. Therefore, for simplification, without probable

loss of accuracy, the equation was modified as seen below:

‘05
AE.ré
"

?wl= 3 (36)
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Expressed in terms of the problem variables, Equation (36) be-

%*
comes:

P
R=3 37
b“k(po"5 (37)

To determine how accurately Equation (36) was, the co?responding
values of b, 7, and T, were substituted into it and plotted in
Figure 18. It will be noted that two points for wheel pair la were
very poorly predicted. These points were for the 300 and 350 pound
loads and each had a very high skid rate,

6. Comparison with Bekker's Equation
Bekker derived an equation]' to predict towing resistance
of any riyid whee! in homogeneous soils of any type. His equation,

with n= 1.15 and k = k.7 is

1.3
R = 0°55;3!-:-65-—- (38)
D

For similar data, Equatinn (37) becomes

W
R =0.614W (39)

it will be noted that tt > Equations (37) and (38) are of the
same form, however, the constants and exponents aiffer greatly. This
difference is probably due to the fact that Bekker's Equation was
derived Trom theoretical considerations only, and was not well vali-

dated with experiments.

"

It should be noted that, in our experiments, k was not varied;
hence there is some uncertainty regarding its exponent in the
above equation

43
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C. Motion Resistance of Tandem Wheels
1. ™ (R/W) and n3 («/b)

As described above, log plots were made of wovs. ﬂ3
for various aspect ratios and weights (see Figure 19). "It was deter-
mined, as in the previous case, that the R/W ratio did not vary with
spacing or varied so little that it was negligible. For this reason
the exponent of the n3 term for tandem wheels was also set to zero
and removed from the functional relationship of Equation (20). Simi-

larly, a representative value of m (designated ﬁj) was read from the

b5

plot at the intersection of the horizontal fitting line with the T, axis.

2. 51 (P/%) and ﬂh’(kqpn+2/W) Relationship

A plot was then made of log E] vs. log iy, for each set

of wheels. (Table VI ard Figure 20). Once again the lines connecting

all of the points for each wheel were drawn parallel to one another.
From the measured slope of the lines and each line's intercept at log

1, the following relationships were generated:

Wheel Pair |

.8 T = 0.4 n4'°'39 (40)
wheet! Pair 'b
Whe~1 Pair il ﬁ‘ = 0.388 ﬂh-o'39 (41)
Wheel Pair 111 7, = 0.h6g m, =033 (42)

it will be noted in Figure 20 that the data for wheel pair {c

falls far away from that of la and Ib. These points were determined

to erronecus upon comparing them with single wheel resistance readings
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for the three similar wheels. The tandem resistance readings for the

large wheel were 25% to L0% lower than those for the other wheels.

These points were therefore neglected in the calculations which follow.
Since the points for the two remaining similar wheels fell in a

single line, there appeared to be no distortion of motion resistance

due to scale effects.

3. T, (/W) and 1, (b/D) Relationship
To complete the fuactional relationship, a plot was next

made of log El vs. log m, at a constant value ov W, equal to one.

From Figure 21

66

%l = !.02n2°' (43)

4. Complete Function Relationship

The complete functional relationship then becomes:

Fiity m ) F(rmy.7,) _ (0.42m,”%*3%) (1. 02m, €6

T = F(Ta o7 ) =
i 2°"y = =

- 0.66 =0.39
™ o= 1.02m, ), (44)

A simplified version of Equation (44) would be

- 2/3 a2

o=, L (45)

Expressed in terms of the problem variables, Equation (45) be~-

cones

L9
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/3

52/3 ksz/s L/3

F =

(16)

i Figure 22 shows a plot of the measured values of ﬁl compared
with calculated value utilizing Equation (L5).
S. Comparison with Letoshnev's Equation
Bekker presented an equation‘l introduced by tetgshnev for

motion resistance of tandem, towed wheels of the same width. The

equation based on a value of n equal to one-half is:

w3/2

R 16—
bed k1/2 3/

(47)

Equation (46) was expressed in simiiar terms and n = {.15 becomes:

R = ”hls (148)
bo.38 K 1/3 02/3
¢

D. Sinkage of Dual Wheels

An analysis of 'n](%’-) vs. mg (;—) shown in Figure 23 also
indicates that the exponent of 3 is zero. Then a comparison of
ﬁl vs. m, , shown in Table VIl and Figure 2k yields the following
relationships:

Wheel Pair la

- -1.11
Wheel Pair lb 3 mo= 0.218 m, (49)

Wheel Pair ;
c

51
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Wheel Palr Il ; T = 0.155 nh-l' (50)

wheel Pair 11l 3 ;l = 0.269 nl:i‘” (51)

Figure 25 then develops the relationship between ;r-l and ™,

9

;T' = 2'73 nzl. (52)
Hence, the final relationship becomes
- - . =1.11 1.9
- F(m, ,nh)F(ﬂz,ﬂh) (o.zleﬂh )(:2.73n2 )
n, = F(m,,m) = 2 = 2
1 2’k F(ﬁz,ﬂp 0.215
;T = 2-‘77"2].9 Tfl;'l -1 (53)
which can be simplified to
- -1
7, =3, (54)
or, In the problem variables, to:
z ELd (55)

T " koD
Figure 26 shows the éccuracy of Equation (54). It should be
noted that two points for wheel pair 'a were very poorly predicted.
These points were for the 300 and 350 pound loads which had a very
high skid rate.
Bekker's prediction for rigid wheel sinkage, for k(p = 4.7 and

n=1.15is

56
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.6
, = 0..6'53\'1'3 (56)
b "D
but cautions that, for dry sandy soils it would not be accurate at
high slip rates. For similar values, Equation (55) becomes
.64 W
z= m (57)
E. Sinkage of Tandem Wheels

Since the front and rear wheels of a tandem combination may
sink to different depths, the analysis of the front and rear wheels
were conducted separately.

For the front wheels, a log plot of n'ég) VS, ﬂ3(§) again
demonstrated (Figure 27) that T was independent of Ty and that
the exponent of ﬂ3 should be zero. The data of ﬁ‘ vS. nu (Table Vi
and Figure 28)show the following relationships:

Wheel Pair la
Wheel Pair I H ;, = 0.3 "4-0'772 (58)
Wheel Pair Ic
Wheel Pair |1 ; ﬁ] = 0.244 ﬂh-0.772 (59)
wheel Pair i1l ; w =0.378 m 0772 (60)

From these equations and Figure 29, was genarzted

Ry = 2.36 n2'°53 (61)

Finally, the complete functional relationship becomes

59
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F(Toom )F(my 7)) (0.3n, % T)(2.361,'*53)

n, = F(m,,m) = —
i 2k F(Tb,ﬂh) 0.

%] = 2.3 rbl‘53 m,

Equation (62) may be approximated by

3/2 11,u-3/1+

3

-0.TT2

Or, in the problem variables, Equation (63) becomes

Z. = - SH?.TS

F c
DO. jb .75nk¢0.75

SR AT

(62)

(63)

(64)

A comparison of Equation (63) with the measured data is pre-

sented in Figure 30,

Bekker's prediction for rigid wheels with k¢= 4,7 and n = 1.15

is

0530

b0.600.3

z

For the same parameters, Equation (64) becomes

) 0.78WC* 7
,0-86,0.5

*F

(56)

(65)

For the rear wheels of a tandem pair, a log plot of T, vs. g

also predicts that the exponent of g should be zero (see Figure 31).

Table IX and the corresponding plot (Figure 32) yields the following

refationship:

6k
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Wheel Pair 'a

it

& - 0.

4 Wheel Pair 1y ; 1) = 0.275 m O s62 (66)
I Wheel Pair I

R

; Wheel Pair §1 r'r, = 0.23 nk-o.esz (67)
! -

- Wheel Pair 111 ; m =0.318 ™ 0662 (68)
- From these equations, Figure 33 may be generated, yielding

i fo=t2m) (69)
}E Finally, the complets functional relationship is:

i

5 - Pl m)Flmy,7)  (0.275 m,0°%62) (1.5 1 11y
] R = Flmym,) = —2 -

;g - ]~l "'0-662

- 11" = ].Zﬁz "l,, (70)
I which can be simplified to

21 ~ = -2/3

% m 1.2 m, , (71)
ﬁ In the problem variabies, Equation (71) becomes

: L1243 o)
y R =T33, 2mi/3 7
kp T(677)

interestingly, the parameter D is missing from Equation (72}.
Equation {71) is compared with the measured data in Figure 34.
Agreement is relatively good, but all the data appear to be a littie

higher than the fitting curve.
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Again, comparing Equation (72) with Bekker's Equation (56),

0.53 Wo-6

z= - (56)
b0.6 D0.3
for the same parameters, Equation (72) becomes

0.127 W .66

z, = D (73)
This equation is quite different from Bekker's. However, Bekker was
not attempting to predict the sinkage of the following wheel of a
tandcin wheel configuration; hence no rational agreement was expected.

F. Single Wheel Tests

1. Comparison of Dual and Single Wheels
Tables X, XI and XIl show averaged data for wheel sinkage
and motion resistance for Wheel Pairs 'a’ lb and Ic, respectively.
The dual wheel results are an average of all tests for a given weight
as it has been demonstrated that the wheel spacing had little or no
effect on the results.

Data contained in Tables X, XI and XIl show that the sinkage of
dual wheels was generally lgss than that of a single wheel. For Wheel
Pair Iy dual wheel sinkage was approximately 30% less than single
wheel sinkage and, for Wheei Pairs I, it was approximately 14% less.
Howevar, for Wheel Pair la’ dual wheel sinkage was greater éhan single
wheel sinkage except at the smallest load. A probable cause for this
occurrence was that the skid rate for the dual wheels was approximately
10% higher than that for the single wheels. The skid rate for Wheel

Pairs lb and lc was approximately the same for both dual wheels and
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the single wheel.

Data contained in Tables X, Xl and XIi show that the motion
resistance of dual wheels was greater than that of a single wheel.
The motion resistance of dual wheels for Wheel Pair 'a was approxi=
mately 47% greater than for the single wheel. The percentages for
Wheel Pairs 'b and Ic were 40% and 23%, respectively.

2. Comparison of Tandem and Single Wheels
Tables X111, XIV and XV show averaged data for wheel

sinkage and motion resistance for Wheel Pairs la’ lb and 'c’ respective=
ly when connected in tandem. These tables show that for Wheel Pairs

I, and 'c the rear tandem wheel sank slightly deeper than the front

b
tandem wheel. The second pass of the single wheel also sank deeper
than the first pass for these wheél pairs. The front tandem wheel
sank slightly deeper than the rear tandem wheel for the three highest
weights for wheel Pair Ia- The first pass of the single wheei also
sank deeper than the second pass for all weights for this wheel pair.
The probable cause of the greater front wheel and first pass sinkage
for Wheel Pair No. la was determined to be due to a greater amount

of rut refill from the loose: flowing sand. A comparison of Figures 35
and 36 will demonstrate the difference in rut refill. Figure 36 shows
one wheel of Wheel Pair la making a second pass while carrying a load
of 175 pounds. It will be noted that the sand had filled in to the
center from both sides after the first pass. Fiqure 35 shows one

wheel of Wheel Pair lc making a second pass while carrying a load of

175 pounds. In this case, it will be noted that very little rut refill
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had taken place after the first pass due mainly to the greater wheel
sinkage. It was felt that the second pass of the wheel from Wheel

Pair la did not sink as far as the first pass because of the excessive
amount of rut refill and the soil compaction created by the first pass.

These Tables also show that the singie wheel sinkage was 25% to
45% less than either the front or rear sinkage of the tandem wheels.
Since the load for the tandem wheels was exactly twice that for the
single wheel, it was concluded that the difference in sinkage was
caused by an unbalance in the distribution of the load on the two
whrels caused by the moment of the motion resistance on the two wheels
about the mounting plate pivot. Instead of the load beiny divided
evenly between the iwo wheels, the front wheel was loaded with more
than half of the load. This meant that the front tandem wheel was
subjected to a greater load than the single wheel; hence the front
tandem wheel sank deeper than the first pass of the single wheel.

The data contained in tables X111, XiIV and XV show that the
motion resistance of both passes for the single wheel was approxi-
mately 17% greater than that for the tandem wheels for Wheel Pair No.
'a’ This was caused by the large amount of rut refill coupled with
the 7act that the single wheel was subjected to a greater load during
the second pass than was the rear tandem wheel thus causing more
motion resistance. For Wheel Pair I, the motion resistance
of the tandem wheels was greater than that for both passes of the
single wheel for the two lowest weights. For the two higher weights

the resistance to motion was approximately equal for the tandem wheels

81
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and both passes of the single wheal. The tandem wheel motion re-
sistance for Wheel Palr Ic will not be discussed because the data

was neglected as erroneous (. . par. Vil,c,2).
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VIIl. CONCLUSIONS AND RECOMMENDAT:ONS

A. Conclusions

It may be corcluded from the results of this study that a
similitude approach may be utilized to develop functicnal relationships
with which wheel performance in dual and tandem configuration may be
predicted. The study demonstrated that spacing of the wheels had a
negligible effect on sinkage and resistance to motion for both dual
and tandem towed wheels in sand. A comparison of the prediction equa-
tions from this study with those developed by Bekker showed that the
equations were all of the same general form but the constants and
exponents were frequently quite different.

A comparison of single wheel tests with dual wheel tests showed
that the results of this study generally agreed with those of Roma
and McGowan.

Comparison of the single wheel test results with tandem wheel
test results was difficult because of the uneven load distribution on
the wheels in tandem configuration. This study showed that it would
be difficult to predict the performance of tandem wheels mounted in
a bogie type suspencion with multiple passes of single wheels, because
the lo-4 distributior: on the wheels would be different.

. ecommendations
it is recommended that no further tests of this type be con-
ducted utilizing towed wheels. Tests should be conducted, however,
utilizing driven dual and tandem wheels. The tests should be conducted
in at least two different soils to determine whether the similitude ap-

proach can be utilized under conditions where kc and c are not zero.

e
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APPENDIX 1

Carriage Velocity, Wheel Velocity and Skid Rate Calculations

A. Carriage Velocity:

v = (Number of event markers passed) x (1.5 feet)
c (time elapsed in seconds)

B. Wheel Velocity

. Dual and Tandem Wheels

v = (Number of wheel bolts passed) x (Circumference of wheel in ft)
w ~(time elapsed in seconds) x &

2. Single Wheel

Vw

_ (Number of wheel bolts passed) x (Circumference of wheel in ft)
' (time elapsed in seconds) x 5

€. Skid Rate

Vc - Vw

v
c

B= 100 x
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Appendix 11

Calculation of Tandem Front and Rear Wheel Sinkage

in tandem configuration the two wheels were mounted on stub
axles which were then bolted to a 61 inch long steel plate. The
sinkage at the center of the platz was the sinkage measured by the
recorder. To determine the sinkage of the front and rear wheels the
movement of one of the ends of the steel plate was measured. By util-
izing similar triangles it was possible to determine the sinkage of the

front and rear wheels

_ —_——— T 7
Center of Wheel Hub

Figure 37. Sinkage Calculation Diagram

By similar triangles:

c_ _ _m_ o= &£

36.5 = £/2 T 6l
Sample calculation: £ = 16.125
c = +.16

4.1

N
]
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APPENDIX 111

Procedure for Combining ™ Terms by P‘Iultlpllcat!onl

General Equation

where:

?(;b’fﬁ) = (relatlonship generated in terms of ,
with n, held constant)

F(Té’;‘-p) = (relationship generated in terms of ™
with m, held constant)

e *

F(Tb,‘rh) = (constant determined by substituting constant
values of T and Ty into the appropriate
equation)

Sampie Calculation: (From D. : Wheels - Sinkage)
- -‘oll -
F(Tb,m) = 0.218 ™, (fb = 0.26)
- 1.9 -
F(Tb’m)=2°73 LY (m, = 1)
F(T,7,) = 0.218(1)7"* 1! = 0.218(1) = 0.218
F(T, 7y) = 2.7%0.26)"*9 = 2.73(0.0775) = 0.212
0.218 + 0.212

F(?va,ﬁh) = = = 0.215

¥ p—
The F(T‘é""h) terms should be equal when calculated with each of the
two relationships. |If they are not, their average value should be

utilized.

91
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APPENDIX 111 (continued)

= Fn) = (0.218 m, " 1)(2.73 n, ')
1= My =

0.215

ﬂ‘ = 2OW ’bl.g "h.l.‘]
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APPENDIX 1V

Tables of Tes: Data

Test Data is Contained in Tables XVI through XLIli
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No.

361
362
Avg.

363
Avg.

365
366
Avg.

367
368

Avg.

369
370
Avg.

371
372
Avg.

373
374
Avg.

375

376
Avg.

W

(1b)
75
75
75

75
75
75

110
110
110

110
110
110

150
150
150

150
150
150

175
175
175

175
175
175

Single Wheel Performance of Wheel Pair No. |

Z

(in)
1.78
1.79
1.79

1.70
1.70

2.20
2.25
2.23

2.19
2.10
2.15

¢ o

W W w (VS VIR VL) N NN (VSR VIRV

e * * . L] * . L] L] L]

NN VO NN~ — ) —
o Viw~l oo

[= N =N

R Vc Vw
(1b)  (ft/sec) (Ft/sec)
36.5 0.157 0.099
35.0 0.174 0.144
35.8 - -
23.8 0.161 0.121
23.8 - -
50.3 0.157 0.097
51.0 0.174 0.118
50.6 - -
1.7 0.180 0.114
38.8 0.16} 0.1
Lo.3 - ~~
80.0 0.158 0.088
80.0 0.160 0.092
80.0 - --
60.0 0.159 0.103
60.0 0.154 0.099
60.0 - -
101.0 0.158 0.086
99.0 0.160 .-
100.0 - -
76.0 0.159 0.100
76.0 0.154 0.095
76.0 - e

R-1536

Table XL\

B

(%)

36.9
34.5
35.7

2.8
2h.8

38.2
32.2
35.2

36.7
31.0
33.8

b3
42.5
43.4

35.2
35.7
35.5

bs.5

by.5

37.1
38.3
37.7

a

Remarks

First Pass

Second Pass

First Pass

Second Pass

First Pass

Second Pass

First Pass

Second Pass
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Table XLI1

Single Wheel Performance of Wheel Pair No. lb

Test ") z R v v B Remarks
c w

No. (1b) (in) (1b) (ft/sec) (ft/sec) (%)

377 75 0.96 15.3 0.151 0.124 17.9

378 75 9.92 16.3 0.154 0.129 16.2 First Pass

Avg. 75 0.94 15.8 -- - 17.1

379 75 1.10 6.5 0.154 0.143 7.2

380 75 1.10 10.0 0.163 0.152 6.8 Second Pass
Avg. 75 1.10 8.25 -- -- 7.0

381 110 1.16 28.8 8.151 0.117 22.5

382 110 1.12 28.5 0.154 0.125 18.8 First Pass

Avg. 110 1.14 28.7 -- -- 20.6

383 14 1.35 12.5 0.154 0.145 5.9

384 110 1.30 12.5 0.163 0.155 4.9 Second Pass
Avg. 110 1.33 12.5 -- - 5.4

365 150 1.28 32.8 0.164 0.132 19.5

386 150 1.65 50.0C 0.175 0.119 32.0 First Pass

Avg. 150 1.6 414 .- -- 25.8

387 150 1.65 33.8 0.168 0.145  13.7

388 150 1.82 28.9 0.200 0.175 12.5 Second Pass
Avg. 150 1.73 31.3 - -- 13.1

389 175 1.53 L8.3 0.154 0.115 29.9

390 175 1.80 62.9 0.175 0.126 28.0 First Pass

Ava. 175 1.67 55. -- - 28.9

391 175 1.90 4h.7 0.168 0.133
392 175 2.05 43.0 0.200 0.156
Avg. 175 1.97 L3, - -

Second Pass
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75

75
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175
175
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Sing’e Wheel Performance of Wheel Pair No. Ir

z

(in)
0.60
0.60
0.60

0.70
0.75
6.73

0.80
0.78
0.79

0.90
0.90
0.90

0.97
0.95
0.96
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1.15
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1.05
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0.138 0.

' v
c w

(ft/sec) (ft/sec)
0.136 0.124
0.139 0.127
0.135 0.132
0,140 0.137
0.136 0.119
0.139 0.123
0.135 0.128
0.140 0.129
0.148 0.124
0.138 0.113
0.138 0.131
0.152 0.141]
0.148 0.122
0.138 0.111
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